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The present invention generally relates to devices comprising
graphene and a conductive polymer (e.g., poly(3,4-cthylene-
dioxythiophene) (PEDOT)), and related systems and meth-
ods. In some embodiments, the conductive polymer 1s formed
by oxidative chemical vapor deposition.
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DEVICES COMPRISING GRAPHENE AND A
CONDUCTIVE POLYMER AND RELATED
SYSTEMS AND METHODS

RELATED APPLICATIONS

[0001] The present application claims priority under 35
U.S.C. §119(e) to U.S. provisional application, U.S. Ser. No.
61/653,042, filed May 30, 2012, entitled “DEVICES COM-
PRISING GRAPHENE AND A CONDUCTIVE POLYMER

AND RELATED SYSTEMS AND METHODS,” incorpo-
rated herein by reference 1n 1ts entirety for all purposes.

FIELD OF THE INVENTION

[0002] The present mvention generally relates to devices
comprising graphene and a conductive polymer (e.g., poly(3,
4-ethylenedioxythiophene) (PEDOT)), and related systems
and methods. In some embodiments, the conductive polymer
1s formed by oxidative chemical vapor deposition.

BACKGROUND OF THE INVENTION

[0003] Graphene 1s generally a hexagonal arrangement of
carbon atoms forming a one-atom thick planar sheet. The
successiul 1solation of single- and few-layer graphene by the
mechanical cleaving of highly ordered pyrolytic graphite
(HOPG) has led to a significant increase in studies in numer-
ous research areas. Of the many interesting properties of
graphene (such as superior electron and hole mobility (up to
200,000 cm® V~' s7h), high current carrying capability (up to
3x10° A cm™?)), its uniformly high transparency in the visible
and near infrared region, with good electrical conductivity
and mechanical robustness, place graphene as a promising
candidate for an alternative to mdium tin oxide (ITO) as a
transparent conducting electrode (TCE).

[0004] Several criteria, such as electrical conductivity, opti-
cal transmittance, and work function (WF), need to be opti-
mized for the integration of graphene sheets as TCEs in
organic photovoltaics (OPV). Generally, graphene has high
transmittance with moderate conductivity. An important fac-
tor, however, 1s the energy level alignment between the work
function of graphene and the highest occupied molecular
orbital (HOMO) of the electron donor material. A WF value
of 4.27 eV (electron volts) for a monolayer of graphene syn-
thesized from LPCVD has been observed, which is lower than
for ITO (~4.5 eV and can be increased up to ~5.0 eV after
oxygen (O,) plasma treatment). This low value for graphene

1s not a good match for the electron donor material (such as
tetraphenyldibenzoperiflanthene (DBP), HOMO=5.5 &V),

copper phthalocyanine (CuPc), (HOMO=5.2 V) or poly(3-
hexylthiophene) (P3HT), (HOMO=5.2 eV), which can
induce a large energy barrier at the interface between the
graphene and the organic layer.

[0005] For ITO anodes, a thin layer of conducting polymer,
poly(3.4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), may be inserted before the deposition of the
clectron donor material 1n order to favor an ohmic-contact at
the junction. The PEDOT: PSS hole transporting layer (HTL)
with a WF of 5.2 eV {facilitates the injection/extraction of
holes and/or helps planarize the rough surface of the I'TO,
which often becomes a possible source of local shorting
through the ultra-thin active layers, thus improving the over-
all device performance. Therefore smooth and complete cov-
erage of the PEDOT:PSS layer on the underlying electrode
surface plays a crucial role 1n the general OPV device perfor-
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mance. Application of PEDOT:PSS onto the graphene sur-
face has been challenging due to the fact that graphene sur-
face 1s hydrophobic but PEDOT:PSS i1s 1 an aqueous
solution. The sputtered I'TO surface 1s also hydrophobic but it
1s almost always pretreated with O, plasma, which renders the
hydrophobic surface into an hydrophilic one by introducing
hydroxyl (OH) and carbonyl (C=—0) groups that enables
conformal coverage of PEDOT:PSS. Active oxygen species
from the plasma disrupt the aromatic rings of the graphene
and greatly reduces the conductivity. In the case of single
layer graphene electrodes, a graphene film can completely
lose the conductivity after such plasma treatments.

[0006] Recently, the wettability of PEDOT:PSS on the
graphene surface was improved by doping it with gold (I1I)
chloride (AuCl,). However, the doping process introduces
large Au particles (up to 100 nm 1n diameter), which can
create shorting pathways through the device. This method 1s
less favorable also due to the high cost of AuCl, dopant.
Molybdenum oxide (MoO,) HTL with acid-doped graphene
electrodes, which 1s a common HTL material used with ITO
clectrodes has also been used. However, the device perfor-
mance was not as eflicient as the ITO control device with a
MoO, layer alone and still required the use of PEDOT:PSS on
top of the MoO; interfacial layer, which allowed better wet-
ting of PEDOT:PSS on the MoO,-coated graphene.

[0007] Accordingly, improved devices, systems, and meth-
ods are needed.

SUMMARY OF THE INVENTION

[0008] Insomeembodiments, an electromagnetic radiation
absorbing and/or emitting device 1s provided comprising a
substrate comprising graphene; and poly(3,4-ethylenediox-
ythiophene) (PEDOT) formed on at least a portion of the
graphene, wherein the PEDOT i1s formed by oxidative chemi-
cal vapor deposition.

[0009] In some embodiments, a method 1s provided com-
prising providing a substrate comprising graphene; and
depositing, via oxidative chemical vapor deposition, poly(3,
4-ethylenedioxythiophene) (PEDOT) on at least a portion of
the graphene.

[0010] In some embodiments, a small molecule organic
photovoltaic device 1s provided comprising a graphene

anode; wherein the power conversion efliciency of the device
1s at least about 3.0%.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1a shows a schematic of graphene synthesis
and transfer, according to some embodiments.

[0012] FIG. 15 shows a schematic of PEDOT:PSS spin-

coating vs. vapor printing of PEDOT deposition, according to
some embodiments.

[0013] FIG. 1¢shows a schematic of a graphene/ITO anode
OPYV structure, according to some embodiments.

[0014] FIG. 2a shows transmittance data for oCVD
PEDOT HTL layers, according to some embodiments.

[0015] FIG. 256 shows sheet resistance values for varying
thicknesses of PEDOT and the corresponding transmittance,
according to some embodiments.

[0016] FIG. 3 shows comparison of HTL coverage on
quartz/graphene substrate for (a-c) Spin-coated PEDOT: PSS
on quartz/graphene substrate, (d-1) oCVD PEDOT coating on
quartz/graphene substrate and related schematic 1llustrations,
according to some embodiments.
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[0017] FIGS. 4a-c, Sa-b, and 6a-b show J-V characteristics
of various devices, according to some embodiments.

[0018] FIG. 44 show flat-band energy level diagram of
various OPV device structure, according to some embodi-
ments.

[0019] Other aspects, embodiments, and features of the
invention will become apparent from the following detailed
description when considered in conjunction with the accom-
panying drawings. The accompanying figures are schematic
and are not mtended to be drawn to scale. For purposes of
clarity, not every component 1s labeled in every figure, nor 1s
every component of each embodiment of the invention shown
where 1llustration 1s not necessary to allow those of ordinary
skill 1n the art to understand the mvention. All patent appli-
cations and patents incorporated herein by reference are
incorporated by reference 1n their entirety. In case of contlict,
the present specification, including definitions, will control.

DETAILED DESCRIPTION

[0020] The present invention generally relates to devices
comprising graphene and a conductive polymer (e.g., poly(3,
4-ethylenedioxythiophene) (PEDOT)), and related systems
and methods. In some embodiments, conductive polymer 1s
formed by oxidative chemical vapor deposition (oCVD). In
some embodiments, the device 1s an electromagnetic radia-
tion absorbing and/or emitting device (e.g., a photovoltaic
cell). Electromagnetic radiation absorbing and/or emitting
devices (e.g., photovoltaic cells) will be known to those of
ordinary skill 1n the art. Generally, an electromagnetic radia-
tion absorbing and/or emitting device comprises at least a
substrate, a first electrode, a second electrode associated with
the substrate, a photoactive material disposed between the
first electrode and the second electrode, and optionally, a first
clectrode buifer maternial disposed between the first electrode
and the photoactive material and/or a second electrode butifer
matenal layer disposed between the second electrode and the
photoactive material. The device may be exposed to electro-
magnetic radiation through the substrate (e.g., convention
photovoltaic cell) or through the first electrode which 1s not
associated with the substrate (e.g., inverted photovoltaic cell).
Electromagnetic radiation absorbing and/or emitting device
(e.g., photovoltaic cells), components, orientations, and
methods of use will be known to those of ordinary skill in the
art.

[0021] It should be understood, that while many of the
embodiments described herein are discussed 1n relation to
photovoltaic cells, this 1s by no means limiting, and other
clectromagnetic radiation absorbing and/or emitting devices
may be employed. Similarly, while much of the disclosure
provided herein relates to the conductive polymer being
PEDOQOT, this 1s by no means limiting, and other conductive
polymers may be employed in the methods, systems, and
devices described herein. In some embodiments, the meth-
ods, devices, and systems of the present invention comprise a
substrate comprising graphene and a conductive polymer
(e.g., PEDOT) formed on at least a portion of the graphene. In
some embodiments, the conductive polymer 1s formed via
oCVD. In some embodiments, the device, system, or method
comprises PEDOT formed via oCVD. In some embodiments,
methods are provided for forming a device comprising a
substrate comprising graphene and PEDOT associated with at
least a portion of the graphene. In some embodiments, a
method comprises providing a substrate comprising graphene
and depositing, via oCVD, a poly(3,4-ethylenediox-
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ythiophene) polymer (PEDOT) on at least a portion of the
graphene. The PEDOT polymer formed by oCVD may be
transparent or substantially transparent.

[0022] Without wishing to be bound by theory, association
of PEDOT (or other conductive polymer) with graphene via
oCVD leads to surprising and unexpected results of the final
device or system as compared to devices or systems compris-
ing a polymeric material comprising PEDOT associated with
graphene, wherein the polymer material comprising PEDOT
1s not formed by oCVD. In some embodiments, this may be
due to the lack of solution processing steps required for the
device/system wherein PEDOT 1s formed by oCVD. For
example, the relatively mild deposition conditions (e.g., low
temperature, moderate pressure, lack of solvent use, etc.)
oCVD techniques may allow for PEDOT to be deposited
without damaging and/or delaminating the graphene. Fur-
thermore, the fabrication of such devices and systems has a
number of advantages as compared to current methods. For
example, 1n some embodiments, PEDOT may be associated
with the graphene 1n a single step, optionally 1n a pattern.

[0023] oCVD techniques will be known to those of ordi-
nary skill in the art and are described in the literature, for
example, see, M. E. Alf et al., Adv. Mater. 22, 1993 (2010);
and S. H. Baxamusa, S. G. Im, K. K. Gleason, Phys. Chem.
Chem. Phys. 11, 5227 (2009), each herein incorporated by
reference. As will be known to those of ordinary skill 1n the
art, oCVD, 1s a solvent-free, vacuum-based technique, 1n
which conjugated polymer films are formed directly on the
substrate by oxidative polymerization of vapor-phase mono-
mer(s) and oxidant precursor(s) at low temperature (25-150°
C.) and under moderate vacuum (~0.1 Torr). Well-defined
polymer patterns can be “vapor-printed” on the material of
choice when this process 1s combined with 1n situ shadow
masking. Thus, oCVD offers an attractive solvent-iree route
to transparent polymer top electrodes, while maintaining the
benefits of vacuum processing, including parallel and sequen-
tial deposition, well-defined thickness control and unifor-
mity, and inline compatibility with standard vacuum process
(e.g. thermal evaporation). Moreover, oCVD 1s conformal
over nonplanar substrates, enabling compatibility with sub-
strates such as paper and textiles. In contrast, vacuum thermal
evaporation 1s generally subject to line-of-sight deposition,
while conformal deposition of liquid-phase systems 1s com-
plicated by surface tension etlects around micro- and nano-
scale features.

[0024] In some embodiments, oCVD methods comprise
providing a vapor-phase monomer species and a vapor-phase
oxidizing agent to produce a vapor comprising a conductive
polymer precursor and contacting the vapor with the surface
to form the electrode comprising a conductive polymer on the
surface. In some embodiments, due to presence of excess
oxidizing agent, a doped or oxidized polymer species may be
generated 1n vapor phase and may form on the surface. In an
illustrative embodiment, the method may involve oxidative
polymerization of thiophene to a doped form of poly-
thiophene, wherein the polythiophene 1s 1n oxidized form and
contains polarons and bipolarons.

[0025] The oCVD methods may be carried out using any
suitable conditions. In some embodiments, the oCVD meth-
ods are carried out at a temperature of about 25° C., about 30°

C., about 40° C., about 50° C., about 60° C., about 70° C.,
about 80° C., about 90° C., about 100° C., about 110° C.,
about 120° C., about 125° C., about 130° C., about 140° C., or

about 150° C. In some embodiments, the oCVD methods may
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be carried out at a temperature between about 23° C. and
about 150° C., or between about 50° C. and about 125° C., or

between about 75° C. and about 125° C. In some embodi-
ments, the oCVD methods may be carried out at a pressure of
about 0.001 Torr, about 0.002 Torr, about 0.003 Torr, about
0.004 Torr, about 0.005 Torr, about 0.006 Torr, about 0.007
Torr, about 0.008 Torr, about 0.009 Torr, about 0.01 Torr,
about 0.02 Torr, about 0.03 Torr, about 0.04 Torr, about 0.05
Torr, about 0.06 Torr, about 0.07 Torr, about 0.08 Torr, about

0.09 Torr, or about 0.1 Torr, or any suitable range therein.

[0026] The oCVD processes may be carried out for any
suitable period of time. As will be known to those of ordinary
skill 1n the art, generally, the thickness of the resulting con-
ductive polymer depends on the time the oCVD process 1s
carried out (e.g., longer oCVD time, increased thickness of
conductive polymer). In some embodiments, the oCVD pro-
cess may be carried out for about 30 seconds, about 1 minutes,
about 2 minutes, about 3 minutes, about 4 minutes, 5 minutes,
about 6 minutes, about 7 minutes, about 8 minutes, about 9
minutes, about 10 minutes, about 15 minutes, about 20 min-
utes, about 30 minutes, about 45 minutes, about 60 minutes,
or greater, or any suitable range therein. The thickness of the
conductive polymer 1s discussed herein.

[0027] As noted above, 1n some embodiments, the conduc-
tive polymer 1s formed by oCVD on a substrate by oxidative
polymerization of vapor-phase monomer(s) and oxidant pre-
cursor(s). In some embodiments, oCVD 1s used to form
PEDOT. In such embodiments, the vapor-phase monomer
comprises 3,4-cthylenedioxythiphene and the oxidant pre-
cursor(s) can include 1ron (I1I) chloride.

[0028] In some cases, the monomer species 1s a compound
comprising an aryl or heteroaryl group, any of which 1is
optionally substituted. The monomer species may be, for
example, an optionally substituted heteroaryl group such as
an optionally substituted thiophene. Examples of aryl or het-
eroaryl groups mclude, but are not limited to phenyl, naph-
thyl, tetrahydronaphthyl, indanyl, indenyl, fluorenyl, pyridyl,
pyrazinyl, pyrimidinyl, pyrrolyl, pyrazolyl, imidazolyl, thia-
zolyl, oxazolyl, 1sooxazolyl, thiadiazolyl, oxadiazolyl,
thiophenyl, furanyl, quinolinyl, isoquinolinyl, and the like,
any of which 1s optionally substituted. Other non-limiting
examples of conductive polymers include 1s conjugated poly-
mer such as polyacetylene, polyarylene, polyarylene
vinylene, or polyarylene ethynylene, any of which are option-
ally substituted. In some cases, the conjugated polymer is
polyphenylene, polythiophene, polypyrrole, polyaniline, or
polyacetylene, any of which are optionally substituted.
[0029] Additional non-limiting examples of oxidizing
agents for use 1n the oCVD processes include, but are not
limited to, CuCl,, FeCl,, FeBr,, 1,, POBr,, GeCl,, Shl,, Br,,
SbF., Sb(Cl., TiCl,, POCl;, SO,Cl,, CrO,Cl,, S,Cl, O(CH,)
SbCl,, VCl,, VOCI;, BF;, (CH;(CH,),),0.BF;, (C,H;);0
(BE,), or BF,.O(C,H;),. In one embodiment, the oxidizing
agent 1s FeCl;. In some embodiments, the amount of oxidiz-
ing agent may be varied to tune the work function (WF) of the
conductive polymer.

[0030] Insome embodiments, the methods, devices, or sys-
tems described heremn comprise a substrate comprising
graphene. In some cases, the substrate comprising graphene
1s an electrode. In some cases, the substrate comprising
graphene consists of or consists essentially of graphene. In
other cases, however, the substrate comprising graphene
comprising graphene and at least one second component. In
some cases, the graphene 1s formed on at least a portion of the
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surface of the second component. In some cases, the graphene
1s formed on one surface of the second component. In some
cases, the graphene substantially encapsulate the second
component. The second component may comprise any suit-
able matenial. In some cases, the second component 1s non-
conductive, substantially non-conductive, semi-conductive,
substantially conductive, or conductive. Those of ordinary
skill 1n the art will be aware of suitable substrates comprising
graphene. In some embodiments, the graphene 1s unmodified
graphene. In some cases, the graphene comprises a single
monolayer. In some cases, the graphene comprises a plurality
of monolayers. The graphene may or might not have uniform

thickness.

[0031] In some embodiments, electromagnetic radiation
absorbing and/or emitting device are provided, for example,
photovoltaic cells. As noted above, in some embodiments, a
photovoltaic cell comprises at least a substrate, a first elec-
trode (e.g., a graphene electrode), a second electrode associ-
ated with the substrate, a photoactive material disposed
between the first electrode and the second electrode, and
optionally, a first electrode bufler material disposed between
the first electrode and the photoactive material (e.g., PEDOT)
and/or a second electrode material layer disposed between the
second electrode and the photoactive material. The compo-
nents of the device (e.g., the first electrode, the second elec-
trode, the photoactive material, the substrate, the buffer mate-
rials, etc.) may be transparent, substantially transparent,
opaque, or substantially opaque. The device may be exposed
to electromagnetic radiation through the substrate (e.g., con-
vention photovoltaic cell) or through the first electrode which
1s not associated with the substrate (e.g., inverted photovol-
taic cell). Photovoltaic cells, components, orientations, and
methods of use will be known to those of ordinary skill 1n the
art

[0032] In some embodiments, a photovoltaic cell com-
prises an anode, a cathode, a photoactive material positioned
between anode and the cathode, and a substrate, wherein the
cathode 1s positioned between the photoactive matenial and
the substrate. In some cases, a first electrode bullfer material 1s
disposed between the first electrode and the photoactive
material and/or a second electrode matenal layer 1s disposed
between the second electrode and the photoactive material.

[0033] In some embodiments, a small molecule organic
photovoltaic device 1s provided comprising a substrate com-
prising graphene (e.g., an electrode comprising graphene). In
some embodiments, the small molecule organic photovoltaic
device comprises a graphene electrode and a conductive poly-
mer (e.g., PEDOT) formed on at least a portion of the
graphene electrode. In some embodiments, the conductive
polymer 1s formed via oCVD. In some embodiments, PEDOT
1s formed via oCVD. In some embodiments, the power con-
version efficiency of the device 1s at least about or about 1%,
at least about or about 1.2%, at least about or about 1.4%, at
least about or about 1.6%, at least about or about 1.8%, at least
about or about 2%, at least about or about 2.2%, at least about
or about 2.4%, at least about or about 2.6%, at least about or
about 2.8%, at least about or about 3%, at least about or about
3.2%, at least about or about 3.4%, at least about or about
3.6%, at least about or about 3.8%, at least about or about 4%,
at least about or about 5%, at least about or about 6%, at least
about or about 7%, at least about or about 8%, at least about
or about 9%, at least about or about 10%, or greater.

[0034] Methods described herein may be useful in the fab-
rication of devices, including photovoltaic devices (e.g. solar,
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cells), light-emitting diodes, or any device a photoactive
material, a first electrode, and a second electrode. In some
embodiments, a method of forming a photovoltaic cell com-
prises providing a substrate comprising graphene (e.g., a
graphene electrode) and depositing a conductive polymer on
the substrate comprising graphene, e.g., using oCVD. In
some cases, the method may further comprise depositing a
photoactive material on the conductive polymer; optionally
depositing a first electrode bufier material on the photoactive
material; and depositing, via oxidative chemical vapor depo-
sition, a first electrode on the photoactive material or on the
optionally deposited first electrode builer material. In some
embodiments, the device comprises a substrate (e.g., associ-
ated with the first electrode or a second electrode). In some
embodiments, the graphene electrode 1s an anode and the
second electrode 1s a cathode. In other embodiments, the
second electrode 1s an anode and the graphene electrode 1s a
cathode. In some cases, the device 1s exposed to electromag-
netic radiation via the graphene electrode. In some cases, the
device 1s exposed to electromagnetic radiation via the second
clectrode.

[0035] In some embodiments, the efficiency of the photo-
voltaic cell 1s greater than about 2%, or about 2.1%, or about
2.2%, or about 2.3%, or about 2.4%, or about 2.5%, or about
2.6%, or about 2.7%, or about 2.8%, or about 2.9%, or about
3.0%. In some embodiments, the efficiency of the photovol-
taic cell 1s between about 2% and about 10%, or between
about 2% and about 9%, or between about 2% and about 9%,
or between about 2% and about 7%, or between about 2% and
about 6%, or between about 2% and about 5%, or between
about 2% and about 4%, or between about 2% and about 3%,
or between about 2% and about 2.5%.

[0036] FEach of the components and/or layers of the device
(e.g., photovoltaic cell) may be any suitable thickness. In
some embodiments, each material may be of substantially
uniform thickness (e.g., wherein the thickness of the material
does not vary more than 10%, or more than 5%, or more than
1% over the surface of the article). In some cases, the thick-
ness may not be substantially uniform. The thickness of each
material may be between about 1 nm and about 1000 nm, or
between about 1 nm and about 500 nm, or between about 1 nm
and about 300 nm, or between about 1 nm and about 200 nm,
or between about 1 nm and about 100 nm, or between about 1
nm and about 50 nm, or between about 10 nm and about 100
nm, or between about 10 nm and about 50 nm, or between
about 10 nm and about 40 nm. In some embodiments, the
thickness of the each material may be about, or greater than or
less than, about 5 nm, about 10 nm, about 15 nm, about 20 nm,
about 25 nm, about 30 nm, about 40 nm, about 50 nm, about
60 nm, about 70 nm, about 75 nm, about 80 nm, about 90 nm,
about 100 nm, about 150 nm, or about 200 nm.

[0037] Thoseofordinary skill in the art will be able to select
suitable photoactive materials for use in the methods and
devices described herein. In some cases, a photoactive mate-
rial comprises an electron-donating material and an electron-
accepting material. Those of ordinary skill 1n the art will be
able to select suitable electron-donating matenals (e.g.,
p-type materials) and electron-acceptor matenals (e.g.,

n-type materials) for use in the embodiments described
herein.

[0038] The term “p-type material” 1s given its ordinary
meaning in the art and refers to a material that has more
positive carriers (holes) than negative carriers (electrons). In
some embodiments, the electron-donating material com-
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prises a phthalocyanine, a merocyanine dye, or an optionally
substituted conjugated polymer based on polythiophene.
Non-limiting examples of electron-donating materials are
tetraphenyldibenzopentlanthene (DBP), copper phthalocya-
nine, chloroaluminum phthalocyanine, and tin phthalocya-
nine. Those of ordinary skill in the art will be able to select
suitable p-type materials for use 1n the devices and methods
described herein.

[0039] The term “n-type material” 1s given its ordinary
meaning in the art and refers to a material that has more
negative carriers (electrons) than positive carriers (holes).
Non-limiting examples of n-type materials include aromatic
hydrocarbons includingfullerenes, inorganic nanoparticles,
carbon nanorods, morganic nanorods, polymers containing
moieties capable of accepting electrons or forming stable
anions, or combinations thereof. In some embodiments, the
n-type material 1s a fullerene, optionally substituted. As used
herein, the term “fullerene™ 1s given 1ts ordinary meaning in
the art and refers to a substantially spherical molecule gener-
ally comprising a fused network of five-membered and/or
six-membered aromatic rings. For example, C, 1s a fullerene
which mimics the shape of a soccer ball. The term fullerene
may also include molecules having a shape that 1s related to a
spherical shape, such as an ellipsoid. It should be understood
that the fullerene may comprise rings other than six-mem-
bered rings. In some embodiments, the fullerene may com-
prise seven-membered rings, or larger. Fullerenes may
include C,,., C., Cqyy Cops Cogy Coiy, Cqu, and the like.
Fullerenes may also comprise individual atoms, 1ons, and/or
nanoparticles in the inner cavity of the fullerene. A non-
limiting example of a substituted fullerene which may be used
as the n-type material 1s phenyl-C, , -butyric acid methyl ester.
Non-limiting examples of n-type materials are C,, 3,4,9,10-
perylene tetracarboxylic bisbenzimidazole, T10,, and ZnO.
Those of ordinary skill in the art will be able to select suitable
n-type materials for use 1 the devices and methods described
herein.

[0040] The substrate can be any material capable of sup-
porting the device components described herein. That 1s, the
substrate may be any material to which a matenial and/or
component described herein may adhere. The substrate may
be selected to have a thermal coelficient of expansion similar
to those of the other components of the device to promote
adhesion and prevent separation of the device components at
various temperatures. Non-limiting examples of substrates
include glass, plastics, metals, polymers, paper, fabric, and
the like. The surface may include those constructed out of
more than one material, including coated surfaces (e.g.,
indium tin oxide-coated glass). Non-limiting examples of
surfaces include paper, ceramics, carbon, fabric, nylon, poly-
ester, polyurethane, polyanhydride, polyorthoester, poly-
acrylonitrile, polyphenazine, latex, teflon, dacron, acrylate
polymer, chlorinated rubber, fluoropolymer, polyamide resin,
vinyl resin, Gore-tex™, Marlex™, expanded polytetratluo-
roethylene (e-polythiopheneFE), low density polyethylene
(LDPE), high density polyethylene (HDPE), polypropylene
(PP), and poly(ethylene terephthalate) (PET). The substrate
may be opaque, semi-opaque, semi-transparent, or transpar-
ent. In some embodiments, the substrate 1s flexible. In other
embodiments, the substrate 1s rigid.

[0041] Insomeembodiments, a device may comprise a first
clectrode buffer material positioned between the first elec-
trode and the photoactive material and/or a second electrode
builer material positioned between the second electrode and
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it

the photoactive material. The buifer materials may reduce the
work function of one or more components. Those of ordinary
skill in the art will be aware of suitable butier materials for use
in the methods and devices as described herein. Non-limiting
examples of bufller materials mclude metal oxides (e.g.,
MoO,, V,0O. or WO,) and bathocuproine (BCP).

[0042] Those of ordinary skill in the art will be aware of
suitable materials for use as a second electrode. In some
embodiments, the second electrode 1s a conductive metal.
Non-limiting examples of conductive metals include silver,
aluminum, calcium, and gold.

[0043] Various components of a device, such as the anode,
cathode, substrate, anode buffer material, etc., etc. can be
tabricated and/or selected by those of ordinary skill in the art
from any of a variety of components. Components may be
molded, machined, extruded, pressed, 1sopressed, infiltrated,
coated, 1n green or fired states, or formed by any other suitable
technique. Those of ordinary skill in the art are readily aware
of techniques for forming components of devices herein.
Electromagnetic radiation may be provided to the systems,
devices, electrodes, and/or for the methods described herein
using any suitable source.

[0044] The following examples are intended to illustrate
certain embodiments of the present invention, but are not to be
construed as limiting and do not exemplily the full scope of
the 1nvention.

EXAMPLE 1

[0045] This example describes a novel H1TL fabricated by
vapor printing of PEDOT directly onto an unmodified
graphene surface. In a single step, vapor printing combined (1)
the synthesis of conducting polymer chains from vapor-phase
(3, 4 ethylenedioxythiophene) (EDOT) monomer, (11) thin
film formation of the PEDOT HTL, and (111) patterning by 1n
situ shadow masking. Vapor printing was derived from the
oxidative chemical vapor deposition (0CVD) (steps (1) and
(1) only). The oCVD blanket (1.¢., unpatterned) PEDOT lay-
ers readily integrate with a wide range of substrates, because
it 1s a dry process and substrate temperature 1s mild (~120°
C.), the difficulties with film dewetting and substrate degra-
dation by solvents or high temperatures can be avoided. In
addition, the work function (WF) of the oCVD PEDOT layer
can be tuned by controlling the doping level of CP 10ons. The
oCVD process was compatible with graphene substrates. The
oCVD polymer layer 1s formed by directly exposing the sub-
strate to vaporized monomer EDOT and an oxidizing agent
(in this case, FeCl,) under controlled reactor conditions. The
relatively mild deposition conditions (low temperature 120°
C., moderate pressure ~10 mTorr, and no use of solvents)
allowed for PEDOT to be deposited without damaging or
delaminating the graphene electrode. Furthermore, as vapor
printing 1s generally substrate independent, requiring no sub-
strate-specific optimization of the oCVD process or substrate
pretreatment, 1t allowed the direct printing of the PEDOT
onto graphene substrates. The graphene based solar cells
tabricated with vapor printed PEDOT HTLs achieved ~94%
of the performance of their ITO counterparts without any
additional treatment to the graphene sheets such as chemaical
doping.

[0046] Graphene films were synthesized under low pres-
sure chemical vapor deposition (LPCVD) on Cu foils (25 um
in thickness and 99.8% purity, ALFA AESAR). This yielded
monolayer graphene on the Cu and afterwards, graphene
anodes were prepared through layer-by-layer transiers by
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stacking 3 mono-layers of graphene sheets. The average sheet
resistance (R, ) and transmittance values of the graphene
clectrodes were ~300 €2/sq and ~92% (at 550 nm). FIG. 1a
illustrates the graphene synthesis and transier process. After
patterning the graphene electrodes, PEDOT (PEDOT:PSS or
vapor printed PEDOT) and organic layers were subsequently
deposited followed by the top capping electrode via thermal
evaporation. The PEDOT deposition process 1s 1llustrated 1n
FIG. 15. The final device structure in one embodiment was:
anode (ITO or graphene)/HTL (PEDOT:PSS or vapor printed
PEDOT)/DBP/C, (fullerene)/BCP (bathocuprome)/Al (alu-
minum). The complete solar cell structure 1s schematically
shown 1n FIG. 1¢ and further details are explained herein.

[0047] Shown in FIG. 2a are sheet resistance (R_,) and
transmittance values of vapor printed PEDOT with varying
thicknesses. The thinner PEDOT layers (2,7, and 15 nm) had
higher transmittance values (generally >90%) that are pre-
sumably better for HTL layers, because losses in optical
absorption through the transparent electrode may contribute
to decrease 1 device performance. On the other hand, the
sheet resistance decreases with increasing thickness, with an
abrupt change from 2 nm to the thicker layers (7, 15, and 40
nm), likely due to the amount of charge pathways increases
(as shown in FIG. 26 and Table S1). Having a lower sheet
resistance HTL resulted in better charge transfer to the
graphene electrode, however, the thicker the HTL, the further
the charge must travel through the layer to reach the graphene
clectrode and the greater the transmission losses due to
absorption. Nevertheless, it was found that the thicknesses 1n
the range of at least 7-40 nm gave reasonable performances.

[0048] FIG. 3 shows the optical and SEM 1mages of the

graphene/quartz substrate after spin-coating PEDOT:PSS
(left images, FIGS. 3(a- c)) in contrast with the vapor printed
PEDOT (15 nm) (right images, FIGS. 3(d -1)). The optical
image in FI1G. 3a shows that most of the spin-casted PEDOT:
PSS dewetted over the graphene electrode as well as the
adjacent bare quartz (FIGS. 3(b, ¢) shows more details). The
dewetting of the PEDOT:PSS was observed over the entire
substrate, which signifies that there 1s not proper coverage of
the graphene surface. In contrast, vapor printing provides a
well-defined PEDOT region (light grey) (FIG. 3d). Further-
more, the scanming electron microscopy (SEM) image in
hlgher magnification shows that the coating of vapor printed
PEDOT on graphene was uniform in finer detail (FIG. 30.

oCVD PEDOT itself 1s relatively smooth and conformal cov-
erage on the graphene surface i1s confirmed by the reduced
surface roughness of the pristine graphene. This suggests the
understanding that since oCVD 1s a dry process, the dewet-
ting problem may be avoided or reduced and the PEDOT can
form a uniform film on the graphene.

[0049] Furthermore, the WF of vapor printed PEDOT on
the graphene (3-layers) was evaluated by the Kelvin probe
method. The measured value averaged over several regions
was ~5.1 eV which was similar to the commonly reported WF
value of PEDOT:PSS (~5.2 V). This observation indicates
that the injection/extraction of holes from the HOMO of
clectron donor can be energetically favorable compared to the
interface of graphene only.

[0050] Small molecule organic solar cells with graphene
anodes were fabricated with device structures mentioned ear-
lier. FIG. 4a displays the current density-voltage (J-V) mea-
surements of devices with various configurations using
3-layer graphene anodes: graphene with spin-coated PEDOT:
PSS and vapor printed PEDOT (15 nm) HTLs along with I'TO
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reference. Due to the poor wetting of PEDOT:PSS, graphene
device with PEDOT:PSS typically shows the leaky behavior
(not a diode behavior butrather like a linear resistor), and with
poor photo-response (much smallerV__andJ_ ). On the other

hand, the J-V responses from the devices having vapor
printed PEDOT HTLs (with different thicknesses shown in

FIGS. 4b and 4c¢ for graphene and I'TO electrodes) demon-
strated good diode behavior, and performance (J.. (short-
circuit current density)=5.69+0.17 mA cm™*, V. (open-cir-
cuit voltage)=0.88+0.01 V, FF (fill factor)=0.60+0.01, and 1,
(power conversion efficiency, PCE)=3.01+0.05%) 1s compa-
rable to the I'TO reference device with PEDOT:PSS (J.~=5.
14£0.12 mA cm~>, V,.=0.92+0.01 V, FF=0.68+0.01, and

1,-3.20£0.05%).

[0051] With more devices fabricated using the vapor
printed PEDOT on graphene electrodes, many show more
ideal diode J-V responses similar to the one presented 1n
FIGS. 4(a-c), and with the some others, less-1deal behaviors
have been observed (both for graphene and I'TO electrodes),
as shown 1n FIGS. 6a and 6b. This more 1deal vs. less-1deal
behavior does not appear to be related to the thickness of the
vapor printed PEDOT on graphene, as can be seen 1n both
FIGS. 4b and 4¢ and F1G. 6 for thicknesses between 7-40 nm,
the devices have displayed both behaviors. And even within
the devices that showed more 1deal behaviors, there appear to
be no direct correlation between the PCE value and the
PEDOT thickness. At present the less-ideal behavior may be
due to a process-related 1ssue.

[0052] It should be noted that the value ot ,=3.01% is the
highest value reported for a graphene anode and small mol-
ecule based OPV (~94% of PCE of ITO based device). Apart
from the successtul interface engineering by the vapor printed
oCVD PEDOT on graphene, another reason for the enhanced
performance may be attributed to the increased V_ . observed
in the cells compared to devices fabricated using CuPc as
clectron donor materials, one of the most widely used elec-
tron donor matenals 1n the small molecules based OPV struc-
ture. As shown from the energy level diagram in FIG. 44, the
maximum V ,~ achievable from DBP/C ., pair was ~1.0 V,
~0.3 V higher than CuPc/C,,. Therefore, improvements 1n
V -~ may originate from the deep-lying HOMO level of DBP
compared to that of CuPc.

[0053] Graphene synthesized from the Cu catalyst under
LP condition succeeded 1n producing high quality mono-
layer sheets, which could not be achieved using nickel (N1)
catalyst. However, due to the LPCVD process, achieving
multi-layers of graphene from the Cu under LPCVD can be
challenging. A mono-layer of graphene sheet 1s not 1deal for
use as an electrode due to defects induced from the processing,
1ssues such as transfer or patterning, as well as the generally
lower conductivity compared to stacked multi-layers (R,
decreases as a function of additional layers). On the other
hand, transferring multiple steps to obtain multi-layers may
add complexity and cost to the fabrication process. Therelore,
in this work, few-layer graphene synthesis were carried out
under atmospheric CVD (APCVD) condition using Cu foils,
where only one-step transier was needed for graphene elec-
trodes. Optical and AFM 1mages of the APCVD grown
graphene indicated a non-uniform film thickness. The
APCVD graphene layers have average sheet resistance and
transmittance values of ~450 £2/sq and ~92% (at 550 nm),
respectively. Even though the thicknesses of the APCVD
grown graphene layers are non-uniform, the vapor printing of
oCVD PEDOT onto these graphene layers was as successiul
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as the LPCVD graphene layers. This 1s consistent with the
general observation that oCVD PEDOT deposition 1s sub-
strate independent and it coats uniformly on the substrate.

[0054] Solar cells fabricated with graphene anodes pre-
pared under APCVD conditions gave performance close to
the devices made via LPCVD conditions (1, _;pcpp=2.49%
and 1, ; ppp=3.01%). FIG. Sa shows the J-V characteristics
of graphene device with vapor printed PEDOT (J.,=5.89+0.
03 mA ¢cm™>, V,.~0.8920.03 V, FF=0.48+0.01, and m,=2.
49+0.06%) and ITO reference device with PEDOT:PSS
(Jo=5.14£0.12mA cm™>,V ,~0.92+0.01 V, FF=0.68+0.01,
and 1,=3.20£0.05%). FI1G. 36 compares the best device per-
formance using graphene electrodes from different synthesis
conditions (LPCVD vs. APCVD), illustrating comparable
performances (APCVD graphene performs ~83% of LPCVD
graphene).

[0055] In summary, a novel method for vapor printing
PEDOT onto the graphene surface was described, which
yielded well defined patterns using 1n situ shadow masking.

The oCVD process, resulted 1n smooth, complete coverage of
PEDOT on the graphene electrode. In contrast, spin-casting
PEDOT:PSS from an aqueous solution did not coat the
graphene surface as well due to graphene’s low surface free
energy. The oCVD process works well on both LPCVD
grown graphene (with uniform thicknesses) and APCVD
grown graphene (with non-umiform thicknesses). Further-
more, the use of small molecular electron donor material DBP
combined with the vapor printed PEDOT HTL, yielded more
eificient graphene based devices with performances compa-
rable to those of ITO reference devices. The results here
represent a further step forward in the mvestigation of using
graphene as an alternative TCE for the replacement of ITO
and open up opportunities 1n other applications as well, such
as organic light-emitting diodes (OLEDs).

[0056] InFIG. 1: Schematics outlining the fabrication pro-
cess of graphene electrodes, PEDOT HTLs, and OPV
devices. (a) Graphene synthesis and transfer. The last part of
the transter procedure 1s repeated to prepare 3-layer graphene
stacks for LPCVD graphene. (b) PEDOT:PSS spin-coating
vs. vapor printing of PEDOT deposition. The spin-casting
layer covers the graphene and the surrounding quartz sub-

strate while the vapor printed patterns align to produce
PEDOT only on the graphene electrodes. (¢) Graphene/ITO

anode OPV structure: Graphene(or ITO)/PEDOT/DBP/C,/
BCP/AL

[0057] In FIG. 2: (a) Transmittance data for the oCVD
PEDOT HTL layers, measured using ultraviolet-visible spec-
troscopy (UV-Vis) over Wavelengths from 350-800 nm The
oCVD PEDOT layers decrease 1in transmittance and sheet
resistance with increasing thickness. The three thinnest
PEDOT layers (2, 7, and 15 nm) have high transmittance
values (>90% over a majority of the range), which are pre-
terred for HTL layers. (b) Sheet resistance values for each
thickness and the transmittance at 550 nm The oCVD PEDOT
sheet resistance was measured using a 4-point probe (taking
the average of 10 measurements). With increasing oCVD
PEDOT thickness, there are more pathways for charge trans-
fer, so the sheet resistance (Rsh) decreases. Rsh decreases
dramatically from the thinnest (2 nm) to thicker PEDOT
layers (7, 15, and 40 nm). Transmittance and Rsh values of
PEDOT:PSS are also shown for comparison.

[0058] In FIG. 3: Comparing HTL coverage on quartz/
graphene substrate. (a-c) Spin-coated PEDOT: PSS on quartz/
graphene substrate, (d-1) oCVD PEDOT coating on quartz/
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graphene substrate: (a) schematic illustration of PEDOT:PSS
spun-coated on a quartz substrate with graphene electrode.
Most of the PEDOT: PSS layer 1s dewetted from the substrate
with dark macroscopic defects visible to the naked eye. (b-c)
Optical micrographs (at different magnifications) of the spin-
cast PEDOT:PSS on the graphene surface 1llustrating the poor
wettability of PEDOT:PSS on the graphene. In contrast, (d) 1s
the schematic 1llustration of CVD PEDOT coated via vapor
deposition on quartz/graphene substrate, where a uniform
coating and patterning via shadow masking 1s achieved. The
left side 1n (d) has the oCVD PEDOT coating whereas the
right side 1s shadow masked. (¢) Optical micrograph and (1)
SEM 1mage of oCVD PEDOT on graphene showing uniform
coverage.

[0059] In FIG. 4: J-V characteristics of representative
graphene (3-layer, LPCVD)/ITO OPV devices (Graphene,
I'TO/PEDOT:PSS (40 nm), vapor printed PEDOT (7-40 nm)/
DBP, 25 nm/C,,, 40 nm/BCP, 7.5 nm/Al, 100 nm) under
simulated AM 1.5 G illumination at 100 mW/cm®. (a)
Graphene devices with PEDOT:PSS and vapor printed
PEDOT (15 nm) HTL, compared with ITO/PEDOT:PSS ret-
erence device. (b) Graphene anode based cells with varying
thicknesses of vapor printed PEDOT (7, 15, 40 nm). (c) ITO
anode devices with varying vapor printed PEDOT thick-
nesses (7, 15, 40 nm) and a PEDOT:PSS reference. (d) Flat-
band energy level diagram of the complete OPV device struc-
ture comparing DBP and CuPc electron donors.

[0060] In FIG. 5: (a) J-V characteristics of representative
graphene (APCVD) OPV devices (Graphene/vapor printed
PEDOT, 15 nm/DBP, 25 nm/C,, 40 nm/BCP, 7.5 nm/Al, 100
nm) along with ITO/PEDOT:PSS reference dewce under
simulated AM 1.5 G illumination at 100 mW/cm”. (b) Com-
parison of graphene-based device performances, where
graphene electrodes are prepared under either LPCVD or
APCVD conditions. In FIG. 6: J-V characteristics of repre-
sentative graphene (3-layer, LPCVD)/ITO solar cell devices
with non-ideal diode characteristics under simulated AM 1.5
G illumination at 100 mW/cm*: Graphene, ITO/vapor printed
PEDOT (7-40 nm)/DBP, 25 nm/C,, 40 nm/BCP, 7.5 nm/Al,
100 nm). (a) Graphene anode solar cells. (b) ITO anode solar
cells. Corresponding key photovoltaic parameters of each
device are summarized 1n Table 2.

[0061] Experimental Details. Graphene synthesis
(LPCVD, APCVD). Copper fo1l (25 um 1n thickness, ALFA
AESAR) was used as a metal catalyst for both conditions.
LPCVD. The CVD chamber was evacuated to a base pressure
of 30-50 mTorr. The system was then heated to a growth
temperature of 1000° C. under hydrogen (H,, 10 sccm) gas
(~320 mTorr) and annealed for 30 minutes. Subsequently,
methane (CH,, 20 sccm) gas was introduced (total pressure:
~810 m'Torr) and graphene growth was carried out for 30
minutes. The chamber was then cooled down at ~45° C./min
to room temperature. APCVD. The chamber was heated to
1000° C. under H, gas (170 sccm) and annealed for 30 min-
utes. After annealing, H, was reduced to 30 sccm and CH, (1
sccm) and Ar (1000 sccm) were additionally introduced fol-
lowed by 30 minutes of growth. After growth, the chamber
was cooled at ~100° C./min to room temperature.

[0062] Graphene transier and anode preparation. Transfer
was carried out using poly(methyl methacrylate) (PMMA,
950 A9, Microchem). Graphene on one side of the foil was
removed via reactive 10n etching (RIE) with O, gas (Plasma-
Therm, 100 Watt at 7x10~> Torr). Cu was etched by a com-
mercial etchant (CE-100, Transene). Graphene films were
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then thoroughly rinsed with diluted hydrochloric acid (10%)
and de-1onized (DI) water to remove residual iron 10ons from
the Cu etchant. The PMMA layer was removed by annealing
at 500° C. for 2 hours under H,, (700 sccm) and Ar (400 sccm).
Repeated transiers were performed for 3-layer graphene
films. The transferred graphene films were patterned into the

desired shape through RIE.

[0063] Vapor Printed PEDOT. The oCVD reactor configu-
ration and general process procedure are known in the art, for
example, see Lock, 1. P.; Im, S. G.; Gleason, K. K. Macro-
molecules 2006, 39, (16), 5326-5329. The oCVD PEDOT
HTLs were all deposited under the same reaction conditions.
The reactor pressure was held at ~10 mTorr and the substrate
temperature was maintained at 120° C. The monomer 3.4-

cthylenedioxythiphene (Sigma Aldrich, 97%), EDOT, was
used as purchased. The EDOT was heated to 140° C. and
introduced into the reactor at a flow rate of ~5 sccm. Iron (111)
chloride (Sigma Aldrich, 99.99%) was evaporated from a
heated crucible between 130-160° C. Different thicknesses
were achieved by varying the time of reaction (1, 2, 4, and 8
minutes respectively to get HTL thicknesses of 2,77, 15, and
40 nm). (PEDOT:PSS (Clevios™ P VP Al 4083 ) was filtered
(0.45 um), spin-coated at 4000 rpm for 60 seconds, and
annealed at 210° C. for 5 minutes 1n air). The PEDOT was
patterned using a pre-cut metal shadow mask with the same
dimensions as the graphene electrode. The mask was visually
aligned such that the PEDOT was deposited directly on top of
the graphene.

[0064] OPV device fabrication process. Organic layers
(DBP (Luminescence Technology Corp., >99%), C., (Sigma
Aldrich, 99.9%), BCP (Luminescence Technology Corp.,
>99%)) and top cathode (Al (Alfa Aesar, 3.175 mm slug,
99.999%)) were thermally evaporated through shadow masks
at a base pressure of 1x107° Torr at rates of 1.0 A/s and 1.5
A/s, respectively. C,, was purified once via thermal gradient
sublimation before use. DBP, BCP, and Al were used as
received. Pre-patterned ITO (Thin Film Devices, 20 £2/sq)
substrates were cleaned by solvents followed by 30 seconds
ol O, plasma (100 W, Plasma Preen, Inc.). Patterned graphene
substrates were cleaned by annealing at 500° C. for 30 min-
utes under H,, (700 sccm) and Ar (400 sccm). The device area

defined by the opening of the shadow mask was 1.21 mm”~.

[0065] Measurements. The surface morphology of
graphene sheet was characterized by AFM (Dimension 3100,
Veeco) and the transmittance was measured from the UV-
Vis_NIR spectrometer (Cary 5000, Varian). Work function
measurements were performed using a SKP5050 Kelvin
probe system from Kelvin Technology Inc. with analysis
taken at various locations on each sample with 50 measure-
ments collected per location (using 30 point averaging). Cur-
rent-voltage measurements were recorded by a Keithley 6487
picoammeter in nitrogen atmosphere. 100 mW cm™~ illumi-

nation was provided by 150 W xenon arc-lamp (Newport
96000) filtered by an AM 1.5 G filter.

TABLE 1

Optical transmittance (% T) and sheet resistance (R;,)
of oCVD PEDOT with varying thicknesses described 1mn FIG.
2. PEDOT:PSS values are also shown for comparison.

Transmittance at

550 nm (% T) R, (£2/sq)
oCVD PEDOT (2 nm) 98.0 100,000
oCVD PEDOT (7 nm) 96.4 3,000
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TABLE 1-continued

Optical transmittance (% T) and sheet resistance (R_; )
of oCVD PEDOT with varying thicknesses described in FIG.
2. PEDOT:PSS values are also shown for comparison.

Transmittance at

550 nm (% T) R, (£2/5q)
oCVD PEDOT (15 nm) 94.1 900
oCVD PEDOT (40 nm) 67.4 500
PEDOT:PSS (40 nm) 97.1 2,000

TABLE 2
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when used 1n conjunction with open-ended language such as
“comprising”’ can refer, in one embodiment, to A without B
(optionally including elements other than B); in another
embodiment, to B without A (optionally including elements
other than A); 1n yet another embodiment, to both A and B
(optionally including other elements); etc. As used herein 1n
the specification and 1n the claims, “or”” should be understood
to have the same meanming as “and/or” as defined above. For
example, when separating items 1n a list, “or” or “and/or”
shall be interpreted as being inclusive, 1.¢., the inclusion of at
least one, but also including more than one, of a number or list
of elements, and, optionally, additional unlisted items. Only

Summary of photovoltaic parameters of graphene/ITO devices shown in FIG. 6.

Jsc

Anode HTL (mA/ecm?) V- (V) FF

ITO oCVD PEDOT - 7 nm 4.93 0.73 0.32
ITO oCVD PEDOT - 15 nm 5.10 0.74 0.35
ITO oCVD PEDOT - 40 nm 5.28 0.78 0.31
(Graphene oCVD PEDOT -7 nm 3.95 0.83 0.29
Graphene oCVD PEDOT - 15 nm 5.30 0.75 0.30
(Graphene oCVD PEDOT - 40 nm 5.3% 0.7% 0.29
[0066] While several embodiments of the present invention

have been described and 1llustrated herein, those of ordinary
skill 1n the art will readily envision a variety of other means
and/or structures for performing the functions and/or obtain-
ing the results and/or one or more of the advantages described
herein, and each of such variations and/or modifications 1s
deemed to be within the scope of the present invention. More
generally, those skilled 1n the art will readily appreciate that
all parameters, dimensions, materials, and configurations
described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will
depend upon the specific application or applications for
which the teachings of the present invention 1s/are used.
Those skilled in the art will recognize, or be able to ascertain
using no more than routine experimentation, many equiva-
lents to the specific embodiments of the mnvention described
herein. It 1s, therefore, to be understood that the foregoing
embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents
thereto, the mvention may be practiced otherwise than as
specifically described and claimed. The present invention 1s
directed to each individual feature, system, article, material,
kit, and/or method described herein. In addition, any combi-
nation of two or more such features, systems, articles, mate-
rials, kits, and/or methods, 11 such features, systems, articles,
materials, kits, and/or methods are not mutually inconsistent,
1s included within the scope of the present invention.

[0067] Theindefinite articles “a” and “an,” as used herein in

the specification and 1n the claims, unless clearly indicated to
the contrary, should be understood to mean “at least one.”

[0068] The phrase “and/or,” as used herein 1n the specifica-
tion and 1n the claims, should be understood to mean “either
or both” of the elements so conjoined, 1.¢., elements that are
conjunctively present in some cases and disjunctively present
in other cases. Other elements may optionally be present
other than the elements specifically identified by the “and/or”
clause, whether related or unrelated to those elements spe-
cifically identified unless clearly indicated to the contrary.
Thus, as a non-limiting example, a reference to “A and/or B,”

PCE (%)

1.16
1.34
1.29
0.97
1.20
1.22

terms clearly indicated to the contrary, such as “only one of or
“exactly one of,” or, when used in the claims, “consisting of,”
will refer to the inclusion of exactly one element of a number
or list of elements. In general, the term “or” as used herein
shall only be mterpreted as indicating exclusive alternatives
(1.e. “one or the other but not both™) when preceded by terms
of exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of.” “Consisting essentially of,” when used in the
claims, shall have 1ts ordinary meaning as used in the field of
patent law.

[0069] Asusedherein in the specification and 1n the claims,
the phrase “at least one,” 1n reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements 1n the list of
clements, but not necessarily including at least one of each
and every element specifically listed within the list of ele-
ments and not excluding any combinations of elements 1n the
list of elements. This definition also allows that elements may
optionally be present other than the elements specifically
identified within the list of elements to which the phrase “at
least one” refers, whether related or unrelated to those ele-
ments specifically i1dentified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently ““at least one of A and/or B”)
can refer, 1n one embodiment, to at least one, optionally
including more than one, A, withno B present (and optionally
including elements other than B); 1n another embodiment, to
at least one, optionally including more than one, B, with no A
present (and optionally including elements other than A); in
yet another embodiment, to at least one, optionally including
more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.
[0070] In the claims, as well as 1n the specification above,
all transitional phrases such as “comprising,” “including,
“carrying,” “having,” * 7

2

b

containing,” “imvolving,” “holding,’
and the like are to be understood to be open-ended, 1.e., to
mean including but not limited to. Only the transitional
phrases “consisting of”” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as
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set forth 1n the United States Patent Office Manual of Patent
Examining Procedures, Section 2111.03.

What 1s claimed:

1. An electromagnetic radiation absorbing and/or emitting
device, comprising:

a substrate comprising graphene; and

poly(3,4-ethylenedioxythiophene) (PEDOT) formed on at
least a portion of the graphene, wherein the PEDOT 1s
formed by oxidative chemical vapor deposition.

2. A method, comprising:

providing a substrate comprising graphene; and

depositing, via oxidative chemical vapor deposition, poly
(3,4-ethylenedioxythiophene) (PEDOT) on at least a
portion of the graphene.

3. A small molecule organic photovoltaic device, compris-

ng:

a graphene anode;

wherein the power conversion efliciency of the device 1s at
least about 3.0%.

4. The device of claim 1, further comprising:

a second electrode;

a photoactive material positioned between the first elec-
trode and the second electrode; and

a conductive polymer positioned between the graphene
clectrode and the photoactive material,

wherein the conductive polymer 1s formed by or formable
by oxidative chemical vapor deposition.
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5. The device of claim 4, wherein the conductive polymer
comprises poly(3,4-ethylenedioxythiophene) (PEDOT).

6. The method of claim 2, wherein the oxidative chemical
vapor deposition comprises:

providing a vapor-phase monomer species and a vapor-

phase oxidizing agent to produce a vapor comprising a
conductive polymer precursor; and

contacting the vapor with the surface of substrate compris-

ing graphene or graphene anode to form a transparent or
semi-transparent electrode on top of the device.

7. The method of claim 6, wherein the oxidizing agent 1s
Cu(Cl,, Fe(Cl;, FeBr,, 1,, POBr;, GeCl,, Sbl;, Br,, SbF.,
SbCl., TiCl,, POCl,, SO,Cl,, CrO,Cl,, S,Cl, O(CH,)
SbClg, VCl,, VOCl,;, BF;, (CH;(CH,),),0.BF;, (C;H;),0
(BE,), or BF;.O(C,Hx),.

8. The method of claim 6, wherein the oxidizing agent 1s
FeCls,.

9. The method of claim 6, wherein the monomer species 1s
3.4-ethylenedioxythiophene.

10. The device of claim 4, wherein the second electrode
comprises a metal.

11. The device of claim 10, wherein the metal 1s silver,
aluminum, calcium, or gold.

12. The device of claim 4, wherein the photoactive material
comprises an electron-accepting material and an electron-
donating material.



	Front Page
	Drawings
	Specification
	Claims

